C 60 nanotubes have been synthesized by a solution-solution method. After degassing in a dynamic vacuum, the C 60 nanotubes doped with alkali metals by means of vapor evaporation method. Different temperatures have been studied to evaporate the alkali metals for the doping experiments. Raman spectrum was further employed to analyze the doping concentration of the obtained samples. It was found that all three alkali metals (Li, Na and K) used can be efficiently doped into the C 60 nanotubes, forming A x C 60 nanotubes. The doping concentration of Li, Na changed from low to high level, depending on the experiment temperatures, while K doping always gave saturated doping. The melt points, the ionic sizes and vapor pressures of alkali metals were thought to affect the final doping results.
Introduction:
Alkali metal doped fullerides A x C 60 [1] [2] [3] [4] [5] [6] , where A is an alkali metal (Li, Na, K, Rb and Cs) and x describes the stoichiometry of the composition, are particularly interesting since their electronic properties are strongly related to the size of the intercalated metal and the doping concentration. They can exhibit semiconducting, metallic, or even superconducting properties. In general, alkali metal-doped C 60 have been synthesized mainly by two methods, i.e., solid-solid reaction and vapor evaporation. The former is generally used to produce bulk samples through using stoichiometric C 60 powder and alkali metals mixture as precursors and the obtained samples are usually in powder form [7] . To dope the fullerene samples grown on a substrate, like C 60 films, the latter method is often employed [8] . However, how to continuously control the concentration of doping is still a challenging subject.
So far, extensive attention have focused on the C 60 bulky materials doped with alkali metals, which hinders the application of such material in future nano-scale devices. Since the discovery of the carbon nanotube, 1D nanometer-scale materials have become the focus of intense research owing to their unique structures and physical properties [9, 10] . Because fullerenes are the most important novel materials in the carbon family, by using C 60 as building block, 1D C 60 materials, such as C 60 nanorod, nanotube and nanowire, have been synthesized and especially attracted much attention in recent years [11, 12] .
Particularly, C 60 nanotubes are expected to be applied to nanometer-scale functional and structural devices, which exhibit novel mechanical, electrical, and thermal properties [12] . It was also reported that by alkali metal doping, the room temperature conductivity of C 60 single crystals can be obviously improved [13] . However, no work has been reported on alkali metal-doped C 60 nanotubes which may have potential application in the field of nanometer-scale devices and nano-electronics. It is thus very interesting to investigate the alkali metals doping into C 60 nanotubes. Additionally, to dope such nano materials should be also interesting due to the large surface of those crystals, which could be different from that of bulk materials.
In our work, we successfully synthesized Li, Na and K-doped C 60 nanotubes, namely, A x C 60 (A=Li, Na and K) nanotubes, by means of vapor evaporation. Raman-scattering measurements were employed to characterize the alkali metals doped C 60 nanotubes. A saturated doping state was always obtained in K doping nanotubes. While in the case of Li and Na doping, our results indicate that the doping concentration is related to both experiment temperatures and the doped metals. The melt points, the ionic sizes and vapor pressure of alkali metals were also thought to affect the final doping level in the products.
Experimental methods:
C 60 nanotubes were prepared by introducing isopropanol into C 60 /m-xylene saturated solution, with a volume ratio 3:1. The mixture solution was keeping for 24 hours and then a few droplets of the precipitate were transfered onto a thin glass substrate, and dried naturally at room temperature. The obtained nanotube samples were then heated in a dynamic vacuum at 150 o C to remove solvent. X-ray Diffraction showed that the C 60 nanotubes have the same fcc structure as pristine C 60 .
A Muffle furnace was used for our doping experiments, which enabled us to reach temperature up to several hundreds degree. The scheme for the doping system was shown in Fig.1 . It should be noted that, as the obtained C 60 nanotubes are formed via van der Waals interaction, to keep their shape, only the vapor evaporation method was used in this work. A known amount of C 60 nanotubes grown on glass substrate and an excess amount of Li, Na and K metals were inserted at the two ends of a sealed, evacuated Pyrex tube under N 2 gas atmosphere, which was then kept at 200 o C for 24 hours. A small temperature gradient in the furnace kept the alkali metals from condensing on the fullerene powder. As reported before, the temperature used for the synthesis of K 6 C 60 , Rb 6 
Results and discussion:
The SEM images of pristine C 60 nanotubes were shown in Fig.2 . Usually the C 60 nanotubes with outer diameter about 500 nm and inner diameter about 250 nm were observed. From Fig.2 , it is clear that C 60 nanotubes have hexagonal cross sections and round channel inside. Fig. 2 The SEM of pristine C 60 nanotube Raman spectroscopy is a powerful tool to characterize C 60 and related materials [15, 16] . In general, the Raman spectrum of pristine C 60 contains ten peaks, of which eight are Hg modes and two Ag modes [15] . The Raman spectra of the as-grown nanotubes were shown in Fig.3 One of the most important mode Ag(2) at 1468 cm -1 is very sensitive to both polymerization and charge transfer. It is well known that this line will shift to lower frequencies in polymerized C 60 [16] . However, no shift in this mode of our C 60 nanotubes suggest that the C 60 nanotubes consist of monomeric C 60 and the C 60 molecules are in natural state. In addition, Raman spectrum is known to be particularly suitable in probing phase transitions, polymeric states, structural ordering, and charge transfer from the alkali dopants to the C 60 molecules [17] . In this work, the Raman spectra were employed to characterize Li, Na and K-doped C 60 nanotubes. (2) mode, we can determine the structure information and charge transfer from alkali metals to C 60 molecules in the fullerides [6, 18, 19] . Compared to the Raman spectrum of pristine C 60 nanotube, some Hg peaks in the fullerene samples after doping with Li, Na and K disappeared, combining with some new lines in the low frequences appearing. All the Raman modes have been listed in Table 1 . We focused our study on the main intense intramolecular modes Ag(1), Hg(1), Hg(2) and Ag(2). Table 1 Raman lines of Li, Na and K-doped C 60 nanotubes at different temperatures
As we know, the most important mode, Ag(2), is very sensitive to both polymerization and charge transfer, which reflects the lengthening of the C-C bonds due to intercalation [19] . On the other hand, in Fig.3 , we didn't observe the Raman active modes at 960-980cm -1 , which attributed to the polymeric (intermolecular) bonds. Thus, we confirm that our synthesized samples are in monomeric structures and only the charge transfer should be taken into account for the Ag(2) shift in those samples if present. As observed in previous studies [17, [20] [21] [22] , the position of the Ag(2) mode in alkali metal-doped C 60 , compared to the pristine C 60 , follows the rule of approximately 6 cm −1 softening per transferred electron. In Fig.3 , the modes of our samples found at 1464cm −1 , 1421cm -1 and 1428cm -1 for Li x C 60 , Na x C 60 and K x C 60 , respectively, were attributed to the tangential double-bond stretching pentagon pinch Ag(2) intramolecular mode. It should be noted here that for heavy alkali metal intercalated fullerides (K, Rb, Cs), by calculating the shift number of Ag (2) modes, we can determine the amount of charge transferred between the alkali metal and C 60 molecule, as well as the associated stoichiometry. However, for light alkali metal (Li, Na), we are only able to determine the amount of charge transfer between the alkali ions and C 60 molecule, but to determine the associated stoichiometry is less obvious. For Li and Na-doped Li x C 60 and Na x C 60 compounds with x>6, there was saturated charge transfer due to the possible formation of metal clusters [23] . Considering all these effects, we suggest that the obtained products form the compositions of Li x≦1 C 60 , Na x C 60 8-and K 6 C 60 at 200 o C. The Ag(1) radial breathing intramolecular mode was observed at 495 cm -1 in pristine C 60 nanotube and it was up-shifted by 9 and 4 cm -1 in Na and K-doped C 60 nanotube. In Li-doped C 60 nanotube no obvious shift can be observed in this mode. The line at 270 cm -1 corresponded to the Hg (1) intramolecular mode referring to the pristine C 60 nanotube. In Li and Na-doped C 60 nanotube, this line was slightly affected, and this line displayed a shoulder in K-doped C 60 nanotube, which was attributed to crystal field effects due to the alkali metal giving rise to polarization effects [14] . The line at 424 cm -1 of K-doped C 60 nanotube was attributed to Hg(2) intramolecular mode and was downshifted by 6cm -1 compared to pristine C 60 nanotube. In Na-doped C 60 nanotube, this line shifted to 414 cm -1 , about 16cm -1 downshift. But this line didn't change in Li-doped C 60 nanotubes. From Fig.3 we see that K-doped C 60 nanotube showed significantly more modes than Li and Na in the region 400-700 cm -1 , which were in good agreement with the results reported by Zhou et al. [14] . By analyzing these modes, we figure out that compared to prinstine C 60 nanotubes, the dopant owned some different vibration modes which may attribute to the reduced symmetry of C 60 molecule after doping with alkali metals. We also find that at 200 o C, the doping of Na and K reaches a saturated doping state, while the doping concentration is very low in the case of Li doping.
To further study the effect of temperatures on the doping concentration of Li, Na and K in C 60 nanotubes, we carried out a series of doping experiments by expanding the temperature range for comparison. Several different temperatures have been checked on the three alkali metals and the results are shown in Fig. 4 Table 1 . Let's now turn to discuss the possible parameters which affect the final doping concentration of the obtained samples. We carefully compared the properties of alkali metals and found that the melting points, the sizes and the vapor pressures of the alkali metals were strongly related to the doping concentration at a given temperature. As we known, the melting points of Li, Na and K are 180. So the higher vapor pressure of K may lead atoms diffuse into the C 60 lattice more quickly at lower temperature and it is easiest to reach a saturated doping state among the three alkali metals. Then the second one should be Na and the last one is Li for the doping experiments. This is consistent with our experimental results. To be analyzed easily, the doping concentration of Li, Na and K at different temperatures were shown in Table 2 . Table 2 The concentration of Li, Na and K-doped C 60 nanotubes at different temperatures Concerning the maximum doping concentration obtained in our study, the sizes of the alkali metals should be also taken into account. We know that when Li + , Na + and K + diffuse into C 60 lattice, the ions can take up two interstitial voids: tetrahedral site and octahedral site [24, 25] . The octahedral one is large enough to accommodate all alkali metal ions, while the tetrahedral one has a size larger than Li + and Na + but smaller than K + [24] . For K-doped C 60 , the saturated concentration is K 6 C 60 , while Li and Na doped fullerides can be Li 28 C 60 and Na 11 C 60 , respectively. As the small size of Li and Na, the high level doping usually leads to the formation of metal clusters in the octahedral site, which can result in the covalent bonds forming between the alkali ions in the cluster and incomplete charge transfer from dopant to C 60 molecules, as demonstrated in our Raman studies. The structures for our saturated doped-fullerides A 6 C 60 should be similar to the reported structures published elsewhere [26] . Here, we emphasize that both Li and Na intercalated fullerides in our experiments should retain a FCC structure. Furthermore, for Na x C 60 8-, two Na atoms occupy the tetrahedral voids while the other Na atoms (amount6) take up the octahedral site. For K 6 C 60 , the host lattice distorts to accommodate the big K ions and possess a body centered cubic (BCC) structure.
Conclusion:
In summary, we have synthesized C 60 nanotubes by a solution-solution method. The obtained C 60 nanotubes were further used for doping with alkali metals by means of vapor evaporation method at different evaporating temperatures. Raman spectrum was employed to characterize the obtained products. It was found that all three alkali metals (Li, Na and K) used can be efficiently doped into C 60 nanotubes, forming the doped A x C 60 nanotubes. The melt points, the ionic sizes and vapor pressures of Li, Na and K were thought to be strongly related to the doping concentration. The doping concentration of Li and Na changed from low to high level, depending on the experiment temperatures and alkali metals, and the high level doping can be obtained above the critical temperatures. K doping was always saturated (K 6 C 60 ) in our studied temperature range. Further progress in this direction will be focusing on characterizing the electrical properties of the doped C 60 nanotubes.
